Interest in further increasing and developing the use of enzymes in pulp and paper applications, mainly driven by the strict energy and source reduction targets and environmental concerns in the industry, has been continuously growing during the last decades (Demuner et al. 2011; Skals 2008; Kenealy, Jeffries 2003) . At the moment, enzymes are being successfully used in several operations in industrial kraft pulp fiber lines. The most common applications are the use of xylanases in pulp prebleaching and the use of both cellulases and xylanases to reduce the energy required for refining (Kenealy, Jeffries 2003; Dhiman et al. 2008; Bajpai 1999) . For xylanase-treated kraft pulps, improved dewatering properties, increased brightness, reduced swelling, slightly reduced beatability, and increased fiber flexibility have been reported (Blomstedt et al. 2010; Oksanen et al. 1997; Moss, Pere 2006; Saukkonen et al. 2014; Roncero et al. 2005) .
In addition to the well-known enzyme processes, various novel applications have been reported in the literature, including the modification of bleached kraft pulps for papermaking purposes (Blomstedt et al. 2010) and the production of xylo-oligosaccharides (XOS) from bleached kraft pulps with the aid of xylanases (Metsämuuronen et al. 2013; Hakala et al. 2013) . The treatment of hardwood kraft pulps with endoxylanases is known to be highly selective, leading to the release of XOS with different degrees of polymerization (DP) depending on the xylanase type, while the remaining cellulose fraction typically remains unchanged (Metsämuuronen et al. 2013) . The high selectivity of xylanase treatment opens up possibilities to produce tailor-made fiber grades for specific applications and to produce pure fractions of specific oligosaccharides.
In practice, the action of xylanases is mainly limited to fiber surfaces and fines, even though it has been estimated that the hydrodynamic diameter of the xylanase molecule is smaller than that of the majority of the pores present in bleached kraft pulps and should in theory allow its penetration into the cell wall (Viikari et al. 1994; Teleman et al. 2001; Törrönen et al. 1994; Blomstedt et al. 2010) . The limited accessibility of the interior fiber structure to the xylanases can probably be ascribed to the pore geometry, i.e., the openings of the pores may, depending on the pore shape, be considerably smaller than the median pore size thus limiting the entrance of the xylanase molecules into the pores (Allan 1991; Suurnäkki et al. 1997; Wågberg, Annergren 1997) . Furthermore, ionic interactions have been shown to be important for the binding of enzymes to the xylan substrate (Tenkanen et al. 1995) . Therefore, the penetration of xylanases into the negatively charged fiber wall may be expected to be either favored or hindered by the charge interactions, depending on the prevailing pH conditions. The enzymes are known to show a positive overall charge below and a negative overall charge above their isoelectric point.
The earlier studies on the modification of bleached birch kraft fiber surface properties by means of xylanases, where the endocellulase activity was either inhibited or the preparation was virtually free of cellulase activity, have shown external fibrillation and peeling of the outer cell wall layers, causing the microfibril strands in the inner layers to become more exposed (Mora et al. 1986; Saukkonen et al. 2014) . Moreover, several studies relating to the use of cellulase free xylanases in prebleaching stages have revealed morphological changes, such as holes, cracks, flakes, and filaments on the fiber surface Torres et al. 2000) whereas others report no observable changes in the surfaces of unbleached and bleached birch kraft fibers after xylanase treatment (Moss, Pere 2006) . However, it has also been recognized that the extent and type of the morphological changes may vary according to the xylanase used (Valls et al. 2011 ) and the placement of enzyme treatment relative to other process steps, e.g. oxygen delignification (Roncero et al. 2005) .
While the effects on fiber and paper properties of xylanase treatments are quite well understood, the colloidal interaction behavior of xylanase-treated pulps and hydrolyzed components with wet-end additives has been much less explored. In a recent laboratory study, it was shown that the xylanase treatment of bleached kraft pulp releases anionic xylan-based compounds in the pulp filtrates and that the released compounds are able to interact with the cationic wet-end additives. With lower negative zeta potential of the pulp, the increase in cationic demand of the process water was found to reduce the resulting retention levels in the system under study. It was suggested that the change in wet-end charge balance shows the importance of sufficient delay times in order for the cationic additives to maintain their functionalities (Lyytikäinen, Backfolk 2015) .
The first aim of the present study was to assess the effect of the xylanase dosing strategy relative to a refining operation on the release of xylan-based carbohydrates into the filtrates and on the properties of bleached birch kraft pulps. The second aim was to evaluate the colloidal interactions of xylanase-treated pulps with wet-end additives in a dynamic papermaking environment. The changes in first pass, filler, AKD, and starch retention were determined from the headbox stock, white water, and paper samples while monitoring the chemical state of the wet end, primarily based on the zeta potential of the headbox stock and the cationic demand of the white water. In addition, complementary xylanase treatments were carried out under laboratory conditions to confirm the qualitative effects of xylanase treatment on the physical state of the fiber surface as determined by atomic force microscopy (AFM).
Materials and Methods

Up-scaled xylanase treatment
Elemental chlorine free (ECF) bleached never-dried birch kraft pulp was obtained from a Finnish pulp mill. The pulp was treated with a commercial monocomponent endo-1-4-β-xylanase virtually free from cellulase activity, produced from Bacillus sp. (Pulpzyme HC: Novozymes, Denmark). The pulp refining was carried out before the enzymatic treatment step or during the final stage of the enzymatic hydrolysis using a pilot-scale disc refiner. Exactly the same pulp batches were used in a previous laboratory-scale study and a more detailed description of the used xylanase and the conditions of xylanase treatments can be found there (Lyytikäinen, Backfolk 2015) . In the pulp refining, the primary target was to reach similar SR level for each pulp batch. The applied refining energies with the resulting SR levels are listed in Table 1 .
The fiber properties and pulp fines content were determined using a FiberLab optical fiber analyzer (Metso, Finland) . In addition, a light microscope was used for visual imaging of the fibers. Prior to imaging, the fibers were dyed using Simons' procedure (Yu et al. 1995) with blue (Potamine sky blue) and orange (Potamine fast orange 6 RN) dyes. The dissolved carbohydrates in the pulp filtrates were determined after acid hydrolysis using the high performance liquid chromatography (HPLC) method described by Metsämuuronen et al. (2013) . The SR value of the pulp was determined according to SCAN-C 19:65.
Pilot paper machine trial
A pilot paper machine trial was conducted at Stora Enso Research Centre in Imatra, Finland. The pilot machine has a dilution-controlled headbox and a Fourdrinier-type wire section. The temperature of the headbox was adjusted to 45°C. . The paper was dried to a final moisture content of 6%, reeled, and finally cut into sheets. An on-site-precipitated calcium carbonate (PCC) filler was obtained from a Finnish paper mill. It had a slightly anionic charge, scalenohedral crystal form and an average particle size of around 2 µm, as determined using a laser diffraction particle size analyzer (LS 13 320: Beckman Coulter Inc., USA).
The zeta potential of the papermaking stocks was determined using a streaming potential device (Mütek SZP 06: BTG, Switzerland). The cationic demand of the white water samples was determined with a particle charge analyzer (Mütek PCD 02: BTG, Switzerland) using cationic poly-DADMAC (Mw = 107,000 g/mol; BTG, Switzerland) as a titrant, and the turbidity of the white water samples was determined with a Hach 2100P Turbidimeter (Hach, USA).
The total filler level in paper samples was determined based on the ash content after combustion at 525°C according to Tappi standard T211. The level of internal sizing was determined according to the standard Cobb 60 method (ISO 535:1991) and the Hercules Size Test (HST; Tappi T 530 om-07). The HST measurements were carried out using a Hercules Sizing Tester (Hercules Inc., USA) with neutral green ink (Naphthol Green B, standard Fluka quality for microscopy and complexometry) and 85% reflectance. 
AKD and starch retention
The determination of both AKD and starch retention was based on their concentrations in the headbox pulp and in the white water samples, respectively. Before the analyses, the pulp and white water samples were filtered using black ribbon filter paper (Whatman, Grade 40: GE Healthcare Life Sciences, UK). The filter papers were then dried together with the solids separated from the samples and analyzed with respect to their AKD and starch contents. The analyses were based on the assumption that all of the determined substance was adsorbed in the solid fraction, i.e., the concentration of the substance remaining in the water phase after filtration was zero. The determination of AKD from filter cakes and paper samples was performed using solvent extraction and gas chromatography, as described by Laitinen (2007) . The determination of starch from filter cakes and paper samples was performed according to Tappi T 419 om-11.
Atomic force microscopy (AFM)
In order to further clarify the qualitative effects of xylanase treatment on the fiber surface structure, complementary enzyme treatments were carried out under laboratory conditions. Never-dried bleached birch kraft pulp was refined before or during the xylanase treatment carried out using enzyme dosages and treatment conditions corresponding to those of the pilotscale treatments. The pulps were refined using a TwinFlo double-disk refiner (Voith LR 40 laboratory scale refiner: Voith GmbH, Germany). The xylanase dose was 10 kg/t, corresponding to 1087 nkat/g of o.d. pulp. The xylanasetreated pulps were washed on a Büchner funnel to remove dissolved xylan residues. Laboratory sheets (60 g/m 2 ) were prepared using a British handsheet mold and then gently wet pressed to an approximate dry matter content of 25% and further subjected to rapid freezing (cryofixation) in liquid nitrogen (N 2 ), followed by freezedrying (Saukkonen et al. 2014 ).
The AFM measurements (Bruker Multimode 8: Bruker, USA) were conducted in the tapping mode using NCHV-A probes. The nominal probe parameters were: a tip radius of ~ 10 nm, spring constant of ~ 42 N/m, and resonance frequency of ~ 337 kHz. The measurement parameters were: scan size 2x2 µm, scan rate 0.25 Hz and image resolution 512x256 points. The force of interaction between probe and sample surface was consistent for all three samples. The AFM images were processed using Nanoscope Analysis software with the same algorithm, using a plane fit of 1 st order and a line fit with a zeroorder line correction to remove the artifacts of AFM measurements resulting from surface roughness without losing any viable data concerning the surface features. The root mean square (R Q ) and average roughness (R A ) were calculated for several images of scan size 2x2 µm on 8-15 different areas to collect statistics of surface roughness. The average diameter of microfibril aggregates was calculated based on analyzing 100 surface fibrils in each sample.
Results
Fiber properties and carbohydrate release
The fiber dimensions, curl, pulp fines content, and dissolved carbohydrates in the filtrates of pulps obtained from up-scaled xylanase treatments were determined in order to clarify the effect of the enzyme dosing strategy on the carbohydrate release and on the resulting pulp properties: A = no enzyme treatment, B = refined pulp treated with 2 kg/t xylanase, C = refined pulp treated with 10 kg/t xylanase, D = pulp refined during treatment with 10 kg/t xylanase, and E = pulp refined during treatment with 10 kg/t xylanase, no deactivation ( Table 3) . The dissolved carbohydrates were quantified as monosaccharides after acid hydrolysis of the pulp filtrates. Table 3 shows that when the amount of xylanase enzyme added to the refined pulp was increased from 2 kg/t to 10 kg/t, the amount of xylose in the pulp filtrate increased from 31 kg/t to 38 kg/t. The corresponding refining and heat treatment of the pulp, i.e., the thermal treatment used to deactivate the enzyme, released 16 kg/t of xylose without any added xylanase. However, when the xylanase dosing strategy was changed and the pulp was subjected to refining during the enzymatic hydrolysis (pulp D), the efficiency of the xylanase was clearly enhanced, as the amount of released xylose increased to 46 kg/t. A further increase in released xylose to 69 kg/t was observed when the xylanase-treated pulp was not exposed to the thermal deactivation step.
The enzymatic hydrolysis had an insignificant effect on the mean fiber length, irrespective of the dosing strategy, as shown in Table 3 . Together with the fact that the amount of fines was not simultaneously increased, this shows that the fibers were not cut as a result of enzymatic hydrolysis and refining steps. It was further observed that only xylose and small amounts of mannose were detected in all the filtrate samples after acid hydrolysis, and no glucose, showing that the cellulose fraction was not degraded as a result of the enzymatic hydrolysis.
The enzymatic hydrolysis of xylan from the fiber led to an increase in the mean fiber width, cross-sectional area (CSA), and volume index by up to 3.4%, 9.1%, and 7.1%, respectively. The greatest changes were recorded for pulp B with the lowest amount of xylose released in its filtrates. The photomicrographs of the pulps after Simons´ staining (Fig 1) showed that all the xylanasetreated pulps (B-E) contained some balloon-like fiber areas that were absent in the refined reference sample (A). These 'ballooned' fiber sections in particular were effectively dyed with the high-molecular-weight orange dye, confirming a loosened fiber wall structure and increased accessibility as a result of the xylanase treatment. The presence of these ballooned fiber areas in the xylanase-treated pulps can be expected to cause the observed increase in fiber width. Furthermore, the greater fiber width determined for pulps B and C is partially explained by the fact that these pulps were initially refined at higher intensity than pulp A. However, it is still interesting to note that the lower xylanase dose applied to refined pulp (B) led to a greater increase in fiber width, CSA and volume index than the treatment using approximately the same refining intensity but with a higher xylanase dose (pulp C).
AFM investigation on nanoscale surface features
In order to gain a better understanding related to the effect of the enzyme dosing strategy on the nanoscale fiber surface structure, corresponding laboratory made pulp samples were imaged by AFM after freeze-drying. Fig 1 -Photomicrographs of pulps stained with Simons' stain. A = no xylanase, B = 2 kg/t xylanase after refining, C = 10 kg/t xylanase after refining, D = 10 kg/t xylanase dosed before refining and E = 10 kg/t xylanase dosed before refining, no enzyme deactivation.
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Fig 2 shows the AFM topography, amplitude, and phase images in 2D of the never-dried bleached birch kraft pulp (a) and the same pulp refined before treatment with 10 kg/t xylanase (b) and refined during treatment with 10 kg/t xylanase (c).
The pulps show very different surface features, depending on how they were treated. Whereas the reference pulp (a), which had been subjected only to the refining and thermal deactivation steps in the absence of xylanase, shows a relatively rough surface with no ordered fibril orientation, both the xylanase-treated pulp samples show a fairly ordered arrangement of outer surface fibrils. The nanoscale microfibril structures are best visualized in the phase mode (Fig 2, bottom) , revealing a decrease in diameter of outer microfibril aggregates as a result of both xylanase treatments. An   Fig 2 -2D topography (top) , amplitude (middle), and phase (bottom) AFM images of fibers (scan size 2 µm x 2 µm) of birch kraft pulps after different xylanase treatments: a) no xylanase b) xylanase treatment after refining, and c) refining during xylanase treatment. average diameter of 15 ± 2 nm was obtained for reference pulp (a) whereas the xylanase treated pulps (b) and (c) had average fibril diameters of 13 ± 2 nm and 12 ± 1 nm. Thus, according to this data, the surface of pulp (c) refined during xylanase treatment is most homogeneous with respect to the diameter of surface fibrils.
In Fig 2, the average (R A ) and root mean square (R Q ) roughness values of the pulp samples are also presented. Accordingly, it can be concluded that, irrespective of the xylanase dosing strategy, xylanase treatment reduces the nanoscale roughness of the fiber surface, which is in agreement with the determined surface topography. Table 4 shows the properties of the papermaking furnish and white water samples collected during the pilot PM trial. The results show that when xylanase treatment was applied after refining (pulps B and C), there were only moderate changes in the zeta potential of the headbox stock and in the consistency, turbidity, and cationic demand of the white water. However, when the pulp was refined during xylanase treatment, the zeta potential changed from -29.5 mV to -38.0 mV (pulp D) and further to -39.9 mV when the enzyme was not deactivated (pulp E). The white water consistency, turbidity, and cationic demand were all significantly affected by the enzyme dosing strategy. A significantly increased level of turbidity, indicating a greater amount of non-retained dissolved and colloidal substances, was seen, in particular for the sample refined during the enzymatic hydrolysis without the following deactivation step.
Colloidal chemistry and retention behavior
The data for the first pass and filler retention, as well as the retention levels of AKD and starch, determined from their concentrations in the headbox stock and white water samples ( Table 5 ), show that the mildest xylanase treatment (2 kg/t, pulp B) led to negligible changes in the first pass and chemical retention levels, as expected considering the practically unchanged stock zeta potential and cationic demand of the white water given in Table 4 . However, with the higher doses of xylanase (10 kg/t; pulps C-E), significant retention losses occurred, especially when the pulps were refined simultaneously with the xylanase treatment. According to Table 5 , there is a good correlation between the first pass retention (FPR) and filler retention, showing a linear coefficient of determination (R 2 ) of 0.99. This suggests that the reduction in FPR is due mainly to the reduced filler retention rather than to the reduced retention of fines. In addition, the change in filler retention is effectively values of 0.97 and 0.98 with filler retention, respectively. It is well recognized that a significant portion of these additives is typically adsorbed onto the filler and fines fractions due to the greater available surface area that they possess than the fiber fraction.
Strong correlations are evident (Fig 3) when the retention levels given in Table 5 are plotted against the cationic demand of the corresponding pulp filtrates determined in the absence of any additives (data given in Lyytikäinen, Backfolk 2015) . This indicates that the negatively charged xylan-based substances released interact with and disturb the function of cationic papermaking additives.
The ash, starch, and filler contents determined for the resulting paper products are given in Table 6 . The water absorption capacity (Cobb 60 ) and HST values are also included to present the changes in AKD sizing efficiency. When the data given in Tables 5 and 6 are compared, it can be seen that the reduced retention levels of filler, AKD, and starch were reflected in the composition of the papers based on pulps D and E, which were refined during xylanase treatment. The Cobb 60 value also showed a good linear correlation with the AKD content of the paper samples (R 2 = 0.96). Although the Cobb values indicate some minor differences in the sizing degree among pulps A-C, the HST values, which are expected to be more sensitive to size distribution between filler and fiber, reveal that the sizing effect was reduced by even the mildest xylanase treatment. For pulps D and E, the target filler content (24%) could not be reached even though the filler feed was increased considerably during the trial, and the resulting paper products showed a considerable variation in their ash content. For this reason, the value of presenting the physical properties of these papers was considered to be low, and the data are not included here.
Discussion
Effect of xylanase dosing strategy on carbohydrate release
Several studies on the greater efficiency of enzymatic hydrolysis after a mechanical pretreatment have recently been published (Jones et al. 2013; Miao et al. 2015; Liu et al. 2016 ) but no studies have been found where the hydrolysis has been allowed to continue during the kraft pulp refining. The present results reveal that the release of xylan from a bleached birch kraft pulp can be greatly increased if the pulp refining is carried out before the xylanase hydrolysis is terminated in the deactivation step as rather than treating the refined pulp with xylanase. The productivity of the xylanase was further increased when it was not deactivated after the set hydrolysis time, resulting the release of at the most 69 kg/t of xylose after acid hydrolysis. This corresponds to 6.7 wt.% of the initial pulp and 28 wt.% of the total pulp xylan content, agreeing fairly well with existing knowledge, according to which, about one third of the xylan in a bleached birch kraft pulp is accessible to enzymatic digestion (Teleman et al. 2001) .
Typically, the outermost fiber surface, fines and accessible pores have been considered as the main locations where the hydrolytic effect of xylanases take place. However, since the release of xylan into the pulp filtrates was significantly enhanced when refining the pulp during the final stage of enzymatic hydrolysis step, it might be possible that the applied endo-xylanase is not hydrolyzing only the xylan fraction located on the outer fiber surfaces but might also be able to weaken the xylan located below the fiber surface. When then subjected for mechanical action, such as refining, this weakened xylan fraction would probably be released into the pulp filtrates.
Another explanation for the significantly enhanced hydrolysis when refining the pulp during the xylanase treatment step could be that the mechanical action peels hydrolyzed xylan residues away from the fiber surface, exposing a new substrate surface for the xylanase to attach to and act upon. The GH 11 xylanase applied in the present study is known to release mainly xylotriose and xylobiose from bleached birch kraft pulp (Metsämuuronen et al. 2013) . The xylo-oligosaccharides formed, particularly xylotriose, are known inhibitors for endo-1-4-β-xylanases (Dekker, Richards 1976) and can be expected to hinder hydrolysis if they remain on the fiber surface.
Effect of xylanase treatment on fiber structure
No clear correlation was found between the amount of xylan hydrolyzed and the subsequent pulp properties. However, all the xylanase-treated pulps showed minor increases in fiber width, CSA, and volume index, the greatest changes being obtained when a low xylanase dose was applied after refining (pulp B). These changes can be partially ascribed to a 'ballooning' effect and to a loosened fiber wall structure, which is clearly visible in the photomicrographs taken after Simons' staining. It has previously been shown by Ander (2002) that xylanase treatment of spruce kraft fibers results in the delamination of the fiber wall from the dislocation regions that can be expected to be formed during refining, resulting in the formation of balloon-like sections along the fiber axis.
Water retention values of 1.88 g/g, 1.93 g/g, 1.90 g/g, 1.83 g/g, and 1.38 g/g were previously determined for pulps A, B, C, D, and E after washing, respectively (Lyytikäinen, Backfolk 2015) . Therefore, it appears that the xylanase treatment carried out after refining favors internal fibrillation and swelling of the fibers whereas the refining of pulp during xylanase treatment reduces swelling and is likely to primarily peel xylan from the fiber surface. The different swelling behavior of the pulps refined before or during the enzymatic hydrolysis supports the above given hypothesis related to the weakening of the xylan structures located below the surface. The hydrolysis and release of considerable amounts of xylan, containing the majority of the anionic substituent groups in birch kraft pulps, from fiber wall can be expected to reduce the counterion concentration in the cell wall and thus lower the driving force for swelling (Wågberg, Annergren 1997) . However, if the anionic species are associated with the weakened xylan structures and remain below the fiber surface, an increased swelling would be expected.
The complementary studies with AFM revealed nearly perpendicular surface fibril angle with respect to the fiber axis for both enzyme treated samples b and c irrespective of the enzyme dosing strategy, which according to the literature should be indicative of S 1 layer (Brändström et al. 2003; Fahlén 2005) . However, since it is known that P and S 1 layers are typically peeled away early in the refining process it is proposed that the rather homogeneous and smooth surfaces of enzyme treated samples b and c are consisted mainly from S 2 layer whereas reference sample a still has some loose fibrillated remnants of P and S 1 layers present on the surface, introducing the considerable surface roughness clearly visible in AFM height image (upper left corner, Fig 2) . The reduction in the R A and R Q roughness of xylanase-treated hardwood kraft pulps have previously been reported by Medeiros et al. (2007) and Saukkonen et al. (2014) , whereas the adsorption or precipitation of xylans onto bleached kraft fibers has been shown to increase the surface roughness (Silva et al. 2011) .
The observed decrease in the diameter of outer microfibril aggregates can probably be ascribed to the removal of xylan from accessible fibril surfaces. According to the generally accepted early model presented by Fengel (1970) , the cellulose microfibrils are surrounded by hemicelluloses in the wood cell wall. Therefore, since the average diameter of the microfibril aggregates on fiber surface was reduced from 15 nm to 13 nm and 12 nm when refining the pulp before xylanase treatment or during the xylanase treatment, respectively, it seems that the xylan becomes more effectively and evenly peeled away from around the surface fibrils when pulp is refined during the xylanase hydrolysis step. A type of "peeling" action, which reduces the diameter of microfibrils without cutting the fibril length, has previously been reported for the endoglucanase treatment of bleached reed kraft pulp (Liu et al. 2009 ).
Effect of released xylan residues on wet-end interactions
The decrease in the first pass, filler, AKD, and starch retention showed a good linear correlation with the increasing cationic demand of the pulp filtrates determined in the absence of any additives, as illustrated in Fig 3. Therefore, it seems that the retention losses are mainly a result of the competing charge interactions between the dissolved xylan degradation products and the cationic papermaking additives. Even a partial neutralization of cationic sites in starch, AKD and retention polymer by the anionic xylan-based components would be expected to diminish the electrostatic interaction which is the driving force for the adsorption of cationic additives onto the negatively charged fibers, and the retention would then decrease. The poor function of the retention polymer is also effectively reflected in the retention of PCC and bentonite, since these are retained mainly through a polymer-bridging mechanism.
Another factor to consider is that the removal of xylan from accessible fiber surfaces reduces the fiber charge (Lyytikäinen et al. 2011; Lyytikäinen, Backfolk 2015) , i.e., the frequency of anionic retention sites in pulps becomes lower. In the present trial, most of the cationic starch was introduced into the process at the mixing chest outlet prior to the addition of AKD and PCC. It can therefore be assumed that the wet end starch is first adsorbed onto the fibers and fines, further reducing the amount of free retention sites in the pulp. After the adsorption of starch, the frequency of potential retention sites for other cationic additives is thus obviously lower, the lower the initial amount of anionic sites in the pulps, i.e., the more severe the xylanase treatment. It therefore follows that when the cationic AKD particles, and later the cationic retention polymer, are introduced into the process stream, the probability of collision with an anionic retention site is significantly reduced, which causes the initial attachment of these additives onto the fiber surface to become very slow (Champ, Ettl 2004) .
Compared to the previous retention experiments conducted under laboratory conditions (Lyytikäinen, Backfolk 2015) , a somewhat different retention behavior was observed in the present pilot-scale papermaking trial. However, in a dynamic environment, the papermaking time scale is much shorter than under the semi-static conditions employed in the previous work. In addition, the mixing of larger volume streams can be expected to be much less efficient than the batch mixing of small volumes under laboratory conditions. Both these factors can be expected to affect the retention kinetics of xylanase-modified pulps and thus the charge characteristics in both fiber and filtrate phases. On the basis of the present work, it is recommended that when xylanase-treated pulps are used for papermaking, the dissolved hydrolysis products should be removed by washing in order to minimize the neutralization of the cationic groups in the functional additives. Moreover, the retention is expected to be improved if the dosing points of cationic additives allow sufficient time for adsorption and if more efficient mixing systems can be employed in the paper machine. It might also be beneficial to use lower doses of more highly charged wet-end starch in order to avoid saturation of the fiber surface with starch and to increase the tolerance of the starch to dissolved xylan-based residues.
Conclusions
The simultaneous application of mechanical refining, especially with a prolonged hydrolysis time, was found to substantially enhance the release of xylan from neverdried bleached kraft pulp by a commercial monocomponent endo-1-4-β-xylanase, but the size of the xylanase dose was much less important. The release of xylan from the fiber wall had a minor effect on dimensional properties of pulps but significant changes in nanoscale fiber surface structure were observed. These changes were mainly attributed to the loss of P and S 1 layers from fiber surface as a result of xylanase treatment and refining steps, causing the initially rough surface to become highly homogeneous with respect to the surface topography, fibril orientation and diameter of surface microfibril aggregates. When the released xylan residues were fed into the process waters of a pilot paper machine together with the treated pulps, the retention levels were significantly affected. The first pass retention and the retention of filler, AKD, and starch were all strongly negatively correlated with the cationic demand of the pulp filtrates, further confirming the colloidal interaction between the cationic additives and the dissolved xylanbased residues. On the basis of the present study, it is suggested that the retention system and chemical addition points should be carefully optimized when using xylanase-treated pulps in papermaking.
